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BACKGROUND: Lipophilic polychlorinated biphenyls (PCBs) accumulate with obesity, but during weight loss, liberated PCBs act as ligands of the aryl
hydrocarbon receptor (AhR) to negatively influence health. Previous studies demonstrated that PCB-77 administration to obese male mice impaired
glucose tolerance during weight loss. Recent studies indicate higher toxic equivalencies of dioxin-like PCBs in exposed females than males.

OBJECTIVES: We compared effects of PCB-77 on weight gain or loss and glucose homeostasis in male vs. female mice. We defined effects of AhR
deficiency during weight gain or loss in male and female mice exposed to PCB-77.

METHODS: Study design was vehicle (VEH) or PCB-77 administration while fed a high-fat (HF) diet for 12 wk, followed by weight loss for 4 wk.
The following groups were examined: male and female C57BL/6 mice administered VEH or PCB-77, female AhR+ =+ and −=− mice adminis-
tered VEH or PCB-77, and male AhR+ =+ and −=− mice administered PCB-77. Glucose tolerance was quantified during weight gain (week 11)
and loss (week 15); liver and adipose AhR and IRS2 (insulin receptor substrate 2) mRNA abundance, and PCB-77 concentrations were quantified
at week 16.

RESULTS: PCB-77 attenuated development of obesity in females but not males. During weight loss, PCB-77 impaired glucose tolerance of males.
AhR-deficient females (VEH) were resistant to diet-induced obesity. Compared with VEH-treated mice, HF-fed AhR+ =+ females treated with PCB-
77 has less weight gain, and AhR−=− females had greater weight gain. During weight loss, AhR−=− females but not AhR−=− males treated with PCB-
77 exhibited impaired glucose tolerance. In AhR−=− females administered PCB-77, IRS2 mRNA abundance was lower in adipose tissue compared
with VEH-treated mice.
CONCLUSION:Male and female mice responded differently to PCB-77 and AhR deficiency in body weight (BW) regulation and glucose homeostasis.
AhR deficiency reversed PCB-77-induced glucose impairment of obese males losing weight but augmented glucose intolerance of females. These
results demonstrate sex differences in PCB-77-induced regulation of glucose homeostasis of mice. https://doi.org/10.1289/EHP4133

Introduction
Accumulating evidence supports a role for environmental toxi-
cants in the development of obesity, type 2 diabetes (T2D), and
other metabolic conditions. A variety of basic research, including
studies from our laboratory, have demonstrated that exposures to
environmental toxicants, including dioxin-like polychlorinated
biphenyls (PCBs) that are ligands of the aryl hydrocarbon recep-
tor (AhR), impair glucose homeostasis (Jackson et al. 2017).
These findings may be related to the observed bioaccumulation
of these lipophilic toxicants in adipose tissue (U.S. EPA 2016;
Airaksinen et al. 2011; Arrebola et al. 2013; Chevrier et al. 2000;
Cok et al. 2008; Jackson 2017; Kim et al. 2011; Kodavanti et al.
1998; Lanting et al. 1998; Levitt 2010; Ludwicki and Góralczyk
1994; Obana et al. 1981; Oberg et al. 2002; Pestana et al. 2014;
Peterson et al. 2015; Shen et al. 2009; Weistrand and Norén
1998; Witt and Niessen 2000), which is a site of insulin resist-
ance in T2D. Kim et al. (2011) found that total persistent organic
pollutants (POPs) were higher in a sample of 71 obese individu-
als than in 18 lean women, suggesting that body burdens of

lipophilic toxicants may be increased in obese subjects with
expanded adipose mass (Kim et al. 2011). Moreover, sequestra-
tion of lipophilic PCBs and other environmental toxicants in adi-
pose tissue of obese subjects may have therapeutic implications,
as studies suggest that lipophilic toxicants are liberated from adi-
pose lipid stores during weight loss and can deleteriously influ-
ence health (Kim et al. 2011; Baker et al. 2015). As two-thirds of
adults in the United States are overweight and/or obese (Flegal
et al. 2016), and weight loss is a lifestyle modification with pro-
ven health benefits, negative influences of liberated toxicants
may mitigate the health benefits of weight loss.

Anniston, Alabama had a production facility responsible for a
large portion of the U.S. PCB production from the 1930s to 1970s.
Unfortunately, Agency for Toxic Substances and Disease Registry
investigations demonstrated high concentrations of PCBs in the
environment and in local Anniston residents (ATSDR 2000).
Initial data from a human health survey from the Anniston commu-
nity demonstrated significant associations between elevated serum
PCB levels and higher diabetes prevalence in women (Silverstone
et al. 2012). The 2014 follow-up of the Anniston Community
Health Survey, consisting of 388 surviving participants from the
2005–2007 baseline study, demonstrated significantly higher aver-
age total dioxin toxic equivalencies in serum of females compared
with males (29.8 vs. 17:0 pg=g lipid, respectively) (Yang et al.
2018). While initial results from the Anniston health survey sug-
gested a link between PCB exposures and T2D in females, health
consequences of sex differences in levels of and responsiveness to
PCBs are unclear, as most experimental studies using preclinical
models have been conducted in males (Baker et al. 2013, 2015;
Gadupudi et al. 2016; Murphy et al. 2016; Sipka et al. 2008;
Wahlang et al. 2016).

Coplanar PCBs, similar to many other dioxins and dioxin-like
compounds, are ligands of AhR (Arsenescu et al. 2008; Baker
et al. 2013, 2015; Denison and Heath-Pagliuso 1998; Kim et al.
2012), a transcription factor that has been reported to mediate
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sex-dependent responses that can differ depending on species
(Lee et al. 2015; Nault et al. 2017; Pohjanvirta et al. 1993,
2012; Prokopec et al. 2015). For example, while male rats were
twofold more resistant than females to acute lethality of dioxin
(Pohjanvirta et al. 1993), the opposite was found in mice,
where, depending on murine strain, female mice were reported
to be 10-fold more resistant to dioxin lethality than males
(Pohjanvirta et al. 2012). In addition to sex differences in
response to AhR ligands such as PCBs, effects of AhR defi-
ciency on ligand-induced or dietary manipulation has been
reported to differ between sexes (Kurita et al. 2016; Moyer et al.
2017). However, the role of AhR as a mediator of sex differen-
ces in relationships between PCB exposures and the develop-
ment of T2D is unknown.

Previous studies from our laboratory demonstrated that PCB-
77 promoted glucose intolerance in lean male mice (Baker et al.
2013). In obese male mice exposed to PCB-77, the benefits of
weight loss to improve glucose homeostasis were attenuated
upon liberation of PCB-77 from adipose tissue stores (Baker et al.
2013, 2015). Additionally, deficiency of AhR in adipocytes aug-
mented the development of obesity (Baker et al. 2015). In this
study, we defined effects of PCB-77 on body weight (BW) and
glucose homeostasis in male and female mice during the develop-
ment of obesity and then during weight loss. To determine the
role of AhR, we examined effects of PCB-77 administration in
male and female whole-body AhR+ =+ and AhR−=− mice during
the development of obesity, and then determined effects of AhR
deficiency on glucose homeostasis during weight loss in both
sexes.

Materials and Methods

Chemicals
We purchased 3,30,4,40-Tetrachlorobiphenyl (PCB-77) from Accu-
Standard (Catalog # C-077N, 99.5% purity).

Animal Treatments and Sample Collection
All experimental procedures met the approval of the Animal Care
and Use Committee at the University of Kentucky. Mice were
treated humanely and with regard for alleviation of suffering.
Mice (three to five/cage) were housed in microisolator, polysty-
rene cages with a 14 h light/10 h dark cycle. Room temperature
was at a range of 20–21°C, and humidity ranged from 30–70%.
Whole-body AhR-heterozygous (AhR+ =− ) mice on a C57BL/6
background, originally purchased from the Jackson Laboratory
(Stock # 002727), were a generous gift from H. Swanson
(University of Kentucky). Female AhR+ =− were bred to male
AhR+ =− to produce AhR whole-body wild type (AhR+ =+ ) and
deficient (AhR−=− ) mice. Male and female AhR+ =+ and
AhR−=− littermate controls (∼ 2–4months of age) were randomly
assigned to study groups in all experiments. All mice were given
ad libitum access to food and water. There were no overt differ-
ences observed in appearance or health between genotypes at the
beginning of the study. The study utilized a total of 90 mice, of
which n=61 were AhR+ =+ , and n=29 were AhR−=− . Of the
AhR wild type mice, n=30 were female, of which half were
orally gavaged with vehicle (VEH; tocopherol-stripped safflower
oil) or PCB-77 [50 mg=kg, oral (Baker et al. 2013, 2015)]. For
AhR+ =+ males, n=15 mice were administered VEH, and
n=16 mice were orally gavaged with PCB-77 as a model AhR
ligand demonstrated previously to impair glucose homeostasis of
lean mice (Baker et al. 2013). This dose of PCB-77 (50 mg=kg)
was demonstrated previously (Baker et al. 2013) to result in
plasma levels (48 h after the last dose) that are comparable with

those observed in subjects from the Anniston Community Health
Survey exhibiting a higher risk ofT2D (Silverstone et al. 2012).
To examine the effect of AhR deficiency on PCB-induced glu-
cose impairment, AhR-deficient mice were administered PCB-77
(50 mg=kg, 5 mL=kg; oral; n=9 female; n=10 male). During
the 12-wk period of weight gain, mice of each sex and genotype
were administered VEH or PCB-77 as four separate once/day di-
vided doses administered during weeks 1, 2, and then again dur-
ing weeks 9 and 10. We chose this dosing regimen for PCB-77
administration based on previous results demonstrating impair-
ment of glucose tolerance in obese mice losing weight following
4 wk of weight loss (5 wk after the last dose of PCB-77) (Baker
et al. 2013, 2015). To promote the development of obesity, mice
were fed a high-fat diet (HF; 60% kcal as fat, D12492; Research
Diets Inc.) ad libitum for 12 wk.

To induce weight loss, mice of each genotype were fed a low-
fat diet (LF; 14.6% kcal as fat, D12450B; Research Diets) from
week 13 to 16. BWs were quantified weekly. At study end point,
mice were anesthetized [ketamine/xylazine, 10=100 mg=kg, by
intraperitoneal (i.p.) injection] for exsanguination and tissue har-
vest [liver, subcutaneous adipose, retroperitoneal adipose, epidid-
ymal adipose (EF), interscapular brown adipose tissue, soleus
muscle, spleen, and heart].

Measurement of Body Composition
Body composition (fat and lean mass) of conscious mice was deter-
mined by nuclear magnetic resonance spectroscopy [EchoMRI™
(magnetic resonance imaging)] as described previously (Baker et al.
2015). Briefly, the EchoMRI™-5000 Whole Body Composition
(Echo Medical System) was calibrated with a known standard, and
then conscious mice were gently placed inside a plastic tube con-
taining holes for breathing for restraint in a horizontal plane. Three
sequential scans, approximately 2 min in duration, were conducted
for each mouse. Measurements were obtained at baseline (week 1),
during week 12 (weight gain phase), and at study end point (week
16, weight loss phase).

Glucose Tolerance Tests
Glucose tolerance tests (GTT) were performed during the devel-
opment of obesity (week 11 of HF feeding) and during weight
loss (week 15, 3 wk after switching mice to a LF diet). Mice
were fasted for 6 h prior to the quantification of GTT. Mice were
injected i.p. with D-glucose (Sigma; 15% in saline, 10 lL=g of
BW), and blood glucose concentrations were quantified at 0, 15,
30, 60, 90, and 120 min. Blood was collected from the tail vein,
and the glucose concentration was measured using a handheld
glucometer (Accu-Chek Aviva Plus; Roche Diagnostics). Total
area under the curve (AUC) was calculated by adjusting the base-
line to each individual mouse’s fasting blood glucose concentration
at time 0. The total incremental area (between times 0 and 120 min)
above baseline was calculated using GraphPad Prism (GraphPad
Software, Version 7.02) and represented as arbitrary units.

Quantification of PCB-77 in Tissues
At week 16 (end of weight loss phase), epididymal (EF) or peri-
ovarian fat and liver samples (20–40 mg) from mice of each
treatment and genotype (n= three to fourmice=group) were
weighed and homogenized in deionized water (DIH2O), acetoni-
trile containing 1% acetic acid, and 50 lL of internal standard
(5 lM 13C-labeled d6-PCB-77). Homogenates were vortex-
mixed and centrifuged at 4,000 rpm for 5 min. Samples were
transferred to fatty dispersive 2 mL solid-phase extraction col-
umns (Agilent Bond Elut QuEChERS; Agilent Technologies),
vortex-mixed and centrifuged at 13,000 rpm for 4 min. The
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supernatants were transferred to 4-mL glass vials, dried under
nitrogen, and reconstituted in 100 lL isooctane and vortex-mixed.
Gas chromatographic analysis of PCB-77 and hydroxy-PCB-77
was performed using an Agilent Triple Quadrupole GC/MS gas
chromatography–mass spectrometry (GC-MS/MS) 7000C system
equipped with a multimode inlet and a HP-5ms ultra inert (UI) col-
umn (30 m length, 0:25 mm internal diameter, 0:25 lm film thick-
ness) in multiple reaction monitoring mode. Relative quantitation
was measured by comparing peak area of the sample to peak area
of an internal standard of known concentration.

Quantification of Mono-Hydroxylated PCB-77 Metabolites
in Plasma
At week 16 (end of weight loss phase), plasma (50 lL) from
mice of each treatment and genotype were homogenized in
DIH2O. Cold acetonitrile and 50 lL of internal standard (5 lM
13C-labeled 4-OH-PCB-159) were added to the homogenates.
Samples were vortex-mixed for 5 min, sonicated for 30 s, and
centrifuged at 15,000 rpm for 5 min. Supernatants from each
sample were transferred to clean 4-mL glass vials. The remaining
pellets were washed twice with 1 mL of cold acetonitrile and
1 mL of a 50:50 solution of acetonitrile:water. Samples were
vortex-mixed for 5 min, sonicated for 30 s, and centrifuged at
15,000 rpm for 5 min. The supernatants for each sample were
pooled and dried under nitrogen. Ethereal diazomethane (100 lL)
was added to each vial and left for 3 h at 4–8°C. Samples were
then dried under nitrogen and reconstituted in dichloromethane
(100 lL). OH-PCB-77 was quantitated by reference to the OH-
PCB-159 internal standard using gas chromatography (see above).

Extraction of RNA and Quantification of mRNA Abundance
At week 16 (end of weight loss phase), total RNA was extracted
from tissues (liver, periovarian for females, EF for males) using the
Maxwell RSC® simplyRNA Tissue Kit (Promega Corporation)
according to the manufacturer’s instructions. RNA concentrations
were determined using a NanoDrop™ 2000 spectrophotometer
(Thermo Scientific). We performed two-step reverse transcription
polymerase chain reaction using the random decamer method for
reverse transcription. cDNA was synthesized from 0:8 lg total
RNA with qScript cDNA SuperMix (Quanta Biosciences) in the
following reaction: 25°C for 5 min, 42°C for 30 min, and 85°C for
5 min. The cDNA was diluted to 4 ng=lL and amplified with an
iCycler (Bio-rad CTX96 system) and PerfeCTa SYBR Green
Fastmix for iQ (Quanta Biosciences). Using the difference from
the reference gene (18S for liver; b-actin for adipose) and theDDCt
method, the relative quantification of gene expression in each sam-
ple was calculated. We used 18s rRNA as a reference gene, and Ct
values were statistically analyzed between groups by analysis of
variance (ANOVA) to confirm suitability for use as a reference
gene across the sample set. The PCR reaction was 94°C for 5 min,
40 cycles at 94°C for 15 s, 58°C or 60°C (based on tested primer effi-
ciency) for 40 s, 72°C for 10min, and 100 cycles from95°C to 45.5°C
for 10 s. Primer sequences were as follows: AhR, forward 50-AGT-
AAAGCCCATCCCCGCTGAAGG-30, reverse 50-CATCAAAGA-
AGCTCTTGGCCC-30; IRS-2 (insulin receptor substrate 2), forward
50-GCTGGTAGCGCTTCACTCTG-30, reverse 50-GGACCTTGC-
GTTTGCATCTC-30; CYP1A1 (cytochrome P450 1A1), forward
50-AGTCAATCTGAGCAATGAGTTTGG-30, reverse 50-GGC-
ATCCAGGGAAGAGTTAGG-30; PEPCK (phosphoenolpyruvate
carboxykinase), forward 5 0-CCACAGCTGCTGCAGAACA-3 0,
reverse 5 0-GAAGGGTCGCATGGCAAA-3 0; TNFa (tumor
necrosis factor-a), forward 5 0-CCCACTCTGACCCCTTTA-
CTC-3 0, reverse 5 0-TCACTGTCCCAGCATCTTGT-3 0.

Statistical Analysis
Data are represented as mean+ standard error of themean. Data
were tested for normality using the Shapiro-Wilk test, and equal
variance was tested using the Brown-Forsythe test. Outliers were
not detected. If data did not pass normality using these approaches,
data were logarithmically transformed. Two-way ANOVA
(SigmaPlot, version 13.0; Systat Software Inc.) was used to
define effects of PCB-77 treatment and AhR deficiency in male
and female mice. Glucose tolerance tests and BWs were also
analyzed using two-way ANOVA with repeated measures over
time. Statistical significance was defined as p<0:05.

Results

PCB-77 Effects on Body Weight, Fat Distribution, and
Glucose Homeostasis in Male and Female Mice Fed a
High-Fat Diet
We defined effects of PCB-77 on the development of obesity and
glucose homeostasis in age-matched male and female C57BL/6
mice fed a HF diet. Male mice fed a HF diet (VEH and PCB-77)
were significantly heavier and had higher fat mass and less lean
mass compared with age-matched females (Figure 1A,B; p<
0:05). Compared with those treated with VEH, male mice admin-
istered PCB-77 did not differ in fat or lean body mass or glucose
tolerance (Figure 1A–D). Male mice administered PCB-77 were
slightly larger than those administered VEH; however, this differ-
ence was only statistically significant at week 9 (Figure 1A). In
contrast, female mice administered the same dose of PCB-77 had
significantly lower BW in response to the HF diet from weeks 4–
12 (Figure 1A; p<0:05). As a percentage of BW, lean mass was
significantly higher in HF-fed females administered PCB-77
compared with HF-fed VEH controls at week 9, while fat mass
percentage was significantly lower in PCB-77-treated females
(Figure 1B; p<0:05). Despite the significantly lower BW and fat
mass of PCB-77-treated HF-fed females, glucose homeostasis,
quantified at week 11 of HF feeding, was not significantly differ-
ent from VEH female controls (Figure 1C,D; p>0:05).

Effects of PCB-77 on Glucose Tolerance during Weight
Loss in Male and Female Mice
Previous studies demonstrated that when obese male mice were
made to lose weight, glucose tolerance was impaired in PCB-77-
treated mice compared with VEH controls (Baker et al. 2013,
2015). These effects were associated with higher serum concen-
trations of PCB-77 when obese male mice lost weight. We con-
trasted effects of PCB-77 on glucose homeostasis in obese male
and female mice experiencing weight loss. When male and
female obese mice were fed a LF diet to induce weight loss, both
sexes lost weight, and sex differences in BW, fat, and lean mass
remained evident (Figure 2A,B; p<0:05). At week 16, there
were no significant differences in BW, fat, or lean mass between
mice administered VEH or PCB-77, regardless of sex (Figure
2A,B; p>0:05). During weight loss (week 15), glucose tolerance
was significantly impaired in male mice administered PCB-77
compared with VEH controls (Figure 2C,D; p<0:05). In con-
trast, there was no significant effect of PCB-77 on glucose toler-
ance in female mice experiencing weight loss (Figure 2D;
p>0:05), despite differences in blood glucose concentrations at
15 and 30 min during the glucose tolerance test (Figure 2C;
p<0:05). Moreover, the AUC for blood glucose concentrations
following a glucose tolerance test was higher for males than
females, regardless of treatment (Figure 2D; p<0:05).
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Effects of AhR Deficiency on Body Weight and Glucose
Homeostasis in Male and Female Mice Fed a High-Fat Diet
and Administered PCB-77

Since effects of PCB-77 on glucose homeostasis of obese female
mice have not been previously defined, in this study, we included
groups of AhR+ =+ and AhR−=− female mice administered either
VEH or PCB-77, and examined the development of obesity and
weight loss–induced regulation of glucose homeostasis. Moreover,
we contrasted effects of AhR deficiency on PCB-77-induced regu-
lation of the development of obesity and during weight loss in
female compared with male mice.

Female AhR−=− mice administered VEH weighed less than
AhR+ =+ females administered VEH each week of the weight
gain phase of the study (Figure 3A; p<0:05). In wild type
females, administration of PCB-77 resulted in less BW gain com-
pared with HF-fed VEH controls (Figure 3A; p<0:05). In con-
trast, AhR−=− females administered PCB-77 had significantly
more BW gain compared with HF-fed VEH controls (Figure 3A;
p<0:05). BWs of HF-fed females were significantly less than
males regardless of treatment or genotype (Figure 3A; p<0:05).
In both male and female mice, BW gain was similar in HF-fed
AhR+ =+ and AhR−=− mice administered PCB-77 (Figure 3A).

At week 11 of HF feeding, lean mass (as a percentage of
BW) of HF-fed female AhR−=− mice administered VEH was
significantly higher than VEH-treated AhR+ =+ mice, while
fat mass of AhR−=− mice was significantly lower than VEH-
treated AhR+ =+ mice (Figure 3B; p<0:05). Compared with
VEH groups within each genotype, mice administered PCB-77
had higher lean and lower fat mass than AhR+ =+ females,
but PCB-77 had the opposite effect (lower lean mass, higher
fat mass) on AhR−=− females (Figure 3B). Lean mass (as a
percentage of BW) of HF-fed mice was higher in PCB-77-
treated females compared with PCB-77-treated males, regard-
less of genotype, while fat mass of females of either geno-
type administered PCB-77 was significantly lower than males
(Figure 3B; p<0:05).

During the weight gain phase (week 11), there were no signifi-
cant differences in blood glucose concentrations or AUC between
AhR+ =+ and AhR−=− females, regardless of treatment (Figure
3C,D). Moreover, glucose tolerance of HF-fed male mice adminis-
tered PCB-77 was not significantly influenced by AhR deficiency
(Figure 3D; p>0:05). However, PCB-77-treated obese males
had a higher AUC for blood glucose than did females, regard-
less of genotype, suggesting that they were less glucose tolerant
(Figure 3C,D; p<0:05).
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Figure 1. Effect of polychlorinated biphenyl (PCB)-77 on the development of obesity, body composition, and glucose homeostasis in male and female mice
fed a high-fat (HF) diet. Male and female mice were administered vehicle (VEH) or PCB-77 on weeks 1, 2, 9, and 10 during a HF diet for 12 wk. (A) Body
weight (BW) of HF-fed male and female mice (arrows indicate PCB dosing). (B) Lean and fat mass as a percentage of BW measured on week 9. (C) Blood
glucose concentrations over time following a glucose bolus [intraperitoneal (i.p.)] measured on week 11. (D) Area under the curve (AUC) for data in (C). Data
are mean± standard error of themean ðSEMÞ from n=6–10mice=sex=treatment. *p<0:05 compared with VEH within sex; #p<0:05 compared with male
within treatment. A repeated measures two-way analysis of variance (ANOVA) tested sex and PCB-77 treatment on the development of BW (A), and glucose
homeostasis (C). A two-way ANOVA tested sex and PCB-77 treatment on lean and fat mass (B), and AUC for glucose tolerance tests (D).
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Effects of AhR Deficiency during Weight Loss on PCB-
Induced Regulation of Glucose Tolerance in Obese Male
and Female Mice
Male and female obese mice lost weight when switched to a
LF diet with no differences between genotypes or between
VEH compared with PCB-77 administered females at week
16 (Figure 4A; p>0:05). However, male mice continued to
have higher BWs than females, regardless of genotype or
treatment (Figure 4A; p<0:05). In female mice of each geno-
type and treatment group experiencing weight loss, the per-
cent fat and lean mass was not significantly different at week
16 (Figure 4B). However, even though BWs were not signifi-
cantly different between PCB-77-treated AhR+ =+ and AhR−=−

male mice at week 16, male AhR-deficient mice administered
PCB-77 had significantly higher lean and lower fat mass com-
pared with AhR+ =+ mice administered PCB-77 (Figure 4B;
p<0:05).

Following weight loss (week 15), the AUC for glucose toler-
ance was not significantly different between AhR+ =+ females
administered PCB-77 compared with VEH AhR+ =+ controls
(Figure 4C,D; p>0:05). In contrast, PCB-77-treated AhR−=−

females exhibited significantly higher AUC for blood glucose
compared with AhR−=− VEH controls, and compared with
AhR+ =+ females administered PCB-77, suggesting lower glu-
cose tolerance (Figure 4D; p<0:05). In contrast, AhR−=− male

mice administered PCB-77 exhibited significantly lower AUC for
blood glucose than did AhR+ =+ males administered PCB-77,
suggesting improved glucose tolerance (Figure 4C,D; p<0:05).
In addition, female AhR+ =+ mice administered PCB-77 had bet-
ter glucose tolerance compared with AhR+ =+ males adminis-
tered PCB-77, as determined by a lower AUC for glucose
tolerance (Figure 4C,D; p<0:05).

We quantified plasma and tissue concentrations of PCB-77
(liver, adipose) or hydroxy-PCB-77 concentrations (plasma) at
week 16 (Table 1). Although liver and adipose concentrations
of PCB-77 were not significantly different between sexes, AhR
deficient mice possessed significantly greater levels of PCB-77
in adipose compared with AhR+ =+ mice, regardless of sex
(Table 1; p<0:05). Plasma concentrations of hydroxy-PCB-77
were modestly, but not significantly higher in male mice com-
pared with females, regardless of genotype (Table 1; p>0:05).

Measures of Insulin Receptor Activity in Livers and Adipose
from PCB-77-Treated AhR-Deficient Female Mice
Experiencing Weight Loss
We quantified mRNA abundance of genes indicating responsive-
ness to PCB-77 [AhR, cytochrome P4501A1 (CYP1A1)], gluco-
neogenesis (PEPCK) and insulin sensitivity (IRS2, TNFa) in
livers and adipose from PCB-77-treated male and female mice of
each genotype following weight loss at week 16. There was a
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Figure 2. Effect of a low-fat (LF) diet on body weight (BW), body composition, and glucose homeostasis of polychlorinated biphenyl (PCB)-77-treated male
and female mice. Male and female mice were administered vehicle (VEH) or PCB-77 and fed a high-fat (HF) diet for 12 wk, and then switched to a LF diet
for 4 wk. (A) Weekly BWs of LF-fed male and female mice. (B) Lean and fat mass as a percentage of BW measured on week 16. (C) Blood glucose concen-
trations over time following a glucose bolus [intraperitoneal (i.p.)] on week 15. (D) Area under the curve (AUC) for data in (C). Data are mean±
standard error of themean ðSEMÞ from n=6–10mice=sex=treatment. *p<0:05 compared with VEH within sex; #p<0:05 compared with male within treatment.
A repeated measures two-way analysis of variance (ANOVA) tested sex and PCB-77 treatment on the development of BW (A), and glucose homeostasis (C).
A two-way ANOVA tested sex and PCB-77 treatment on lean and fat mass (B), and AUC for glucose tolerance tests (D).
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trend (nonsignificant) for lower mRNA abundance of CYP1A1 in
liver (Figure 5A; p>0:05), with significantly lower CYP1A1
mRNA abundance in adipose tissue (Figure 5B; p<0:05) from
male, but not female AhR−=− compared with AhR+ =+ mice.
However, there was also a trend for lower CYP1A1 mRNA abun-
dance in both liver and adipose tissues of female AhR−=− com-
pared with AhR+ =+ females (Figure 5A,B).

As anticipated, AhR mRNA abundance was significantly
lower in tissues (liver, adipose) from AhR-deficient mice, regard-
less of sex (Figure 6; p<0:05). In liver, AhR mRNA abundance
was significantly higher in female AhR+ =+ mice administered
PCB-77 compared with AhR+ =+ PCB-77-treated males (Figure
6A; p<0:05). In contrast, AhR mRNA abundance was not signif-
icantly different in adipose tissue from AhR+ =+ male and
female mice (Figure 6B; p>0:05).

Expression levels of PEPCK, an enzyme important in glu-
coneogenesis, were not different in livers from male vs. female
mice administered PCB-77, or by AhR deficiency (Figure 5A;
p>0:05). In contrast, while there were no significant differen-
ces in PEPCK mRNA abundance in adipose tissue of male

compared with female AhR+ =+ mice, AhR deficiency
resulted in significantly lower PEPCK mRNA abundance in
adipose tissue from female but not male mice (Figure 5B;
p<0:05).

mRNA abundance of IRS2, a molecular adaptor important
in insulin receptor signaling (Copps and White 2012), was sig-
nificantly higher in livers from female AhR+ =+ compared
with male AhR+ =+ PCB-77-treated mice (Figure 6A; p<
0:05). However, sex differences in IRS2 mRNA abundance
were not evident in adipose tissue from AhR+ =+ male vs.
female mice (Figure 6B; p>0:05). AhR-deficient male mice
administered PCB-77 had modestly, but not significantly,
higher IRS2 mRNA abundance in livers compared with wild
type controls, while female AhR-deficient PCB-77 treated mice
had modestly, but not significantly, lower liver IRS2 mRNA
abundance compared with wild type female controls (Figure
6A; p>0:05). Similarly, adipose tissue of female, but not male
AhR−=− mice administered PCB-77 had significantly lower
IRS2 mRNA abundance compared with wild type controls
(Figure 6B; p<0:05).
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Figure 3. Effect of aryl hydrocarbon receptor (AhR) deficiency on the development of obesity, body fat distribution, and glucose homeostasis in female
mice administered vehicle (VEH) or polychlorinated biphenyl (PCB)-77, and in male mice administered PCB while being fed a high-fat (HF) diet.
Female AhR+ =+ and −=− mice were administered VEH or PCB-77 and fed a HF diet for 12 wk. Male AhR+ =+ and −=− mice were administered
PCB-77 and fed a HF diet for 12 wk. PCB dosing occurred on weeks 1, 2, 9, 10 during a HF diet for 12 wk. (A) Body weight (BW) of HF-fed female
AhR+ =+ and −=− mice administered VEH or PCB-77, and male AhR+ =+ and −=− mice administered PCB-77 (arrows indicate PCB dosing). (B)
Lean and fat mass as a percentage of BW measured on week 9. (C) Blood glucose concentrations over time following a glucose bolus [intraperitoneal
(i.p.)] measured on week 11. (D) Area under the curve (AUC) for data in (C). Data are mean± standard error of themean ðSEMÞ from
n=7–10mice=sex=genotype. *p<0:05 compared with AhR+ =+ within sex; #p<0:05 compared with VEH within genotype; **p<0:05 compared with
female within treatment. A repeated measures two-way analysis of variance (ANOVA) tested AhR deficiency and PCB-77 treatment on the develop-
ment of BW (A), and glucose homeostasis (C). A two-way ANOVA tested AhR deficiency and PCB-77 treatment on lean and fat mass (B), and AUC
for glucose tolerance tests (D).
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Discussion

There has been a growing interest in the environmental contribu-
tion to the etiology of diabetes, and increasing evidence suggests
an association between exposure to POPs, like PCBs, and the de-
velopment of T2D (Lee et al. 2010, 2011). Recent results from
the Anniston Community Health Survey demonstrated a statisti-
cally significant association of serum PCB levels with higher dia-
betes prevalence overall, especially among females (Silverstone
et al. 2012). Follow-up studies in participants from this popula-
tion demonstrated higher serum dioxin toxic equivalencies in

females compared with males (Yang et al. 2018). Results from
the present study demonstrate sex differences in the ability of
PCB-77 to regulate BW and impair glucose tolerance in obese
mice and in obese mice exhibiting weight loss. The inclusion of
studies examining effects of weight loss in obese male and female
mice previously exposed to PCB-77 is relevant to higher body
burdens of lipophilic toxicants in obese subjects (Dirinck et al.
2011; Kim et al. 2011; Lim et al. 2011; Myre and Imbeault 2014)
and potential harmful effects of liberated toxicants during weight
loss. Moreover, while several studies have examined sex differen-
ces in responses to AhR stimulation (Lee et al. 2015; Nault et al.

12 13 14 15 16
0

10
15
20
25
30
35
40
45
50

Week

B
od

y 
W

ei
gh

t (
g)

Female, AhR-/-, PCB-77
Female, AhR+/+, PCB-77

Male, AhR-/-, PCB-77
Male, AhR+/+, PCB-77

Female, AhR+/+, Veh
Female, AhR-/-, Veh

* * %
 B

od
y 

W
ei

gh
t

Lean Mass Fat Mass
0

20

40

60

80

100

Male, Ahr+/+, PCB-77
Male, Ahr-/-, PCB-77

Female, AhR+/+, Veh
Female, AhR+/+, PCB-77
Female, AhR-/-, Veh
Female, AhR-/-, PCB-77

*

*

0 15 30 60 90 120
0

100

200

300

400

Time (min)

B
lo

od
 G

lu
co

se
 (m

g/
dL

)

Male, AhR+/+, PCB-77
Male, AhR-/-, PCB-77

Female, AhR+/+, PCB-77

Female, AhR-/-, PCB-77

Female, AhR+/+, Veh

Female, AhR-/-, Veh*,#

*

#
#

*

Male
, A

hR
+/+ , P

CB-77

Male
, A

hR
-/- , P

CB-77

Fem
ale

, A
hR

+/+ , V
eh

Fem
ale

, A
hR

+/+ , P
CB-77

Fem
ale

, A
hR

-/- , V
eh

Fem
ale

, A
hR

-/- , P
CB-77

0

5000

10000

15000

A
U

C
 (a

rb
itr

ar
y 

un
its

) *,#**

*,**

A B

C D

Figure 4. Effect of aryl hydrocarbon receptor (AhR) deficiency during weight loss on body weight (BW), body fat distribution, and glucose homeostasis in
female mice administered vehicle (VEH) or polychlorinated biphenyl (PCB)-77, and in male mice administered PCB while being fed a high-fat (HF) diet.
Female AhR+ =+ and −=− mice were administered VEH or PCB-77 and fed a HF diet for 12 wk, and then switched to a low-fat LF diet for 4 wk. Male
AhR+ =+ and −=− mice were administered PCB-77 and fed a HF diet for 12 wk, and then switched to a LF diet for 4 wk. (A) Weekly BWs of LF-fed female
AhR+ =+ and −=− mice administered VEH or PCB-77, and male AhR+ =+ and −=− mice administered PCB-77. (B) Lean and fat mass as a percentage of
BW measured on week 16. (C) Blood glucose concentrations over time following a glucose bolus [intraperitoneal (i.p.)] on week 15. (D) Area under the curve
(AUC) for data in (C). Data are mean± standard error of themean ðSEMÞ from n=7–10mice=sex=genotype. *p<0:05 compared with AhR+ =+ within sex;
#p<0:05 compared with VEH within genotype; **p<0:05 compared with female within treatment. A repeated measures two-way analysis of variance
(ANOVA) tested Ahr deficiency and PCB-77 treatment on the development of body weight (BW) (A), and glucose homeostasis (C). A two-way ANOVA
tested AhR deficiency and PCB-77 treatment on lean and fat mass (B), and AUC for glucose tolerance tests (D).

Table 1. Polychlorinated biphenyl (PCB) and metabolite concentrations detected in tissues on week 16 after weight loss phase.

Tissues (PCB-77)

Male Female

AhR+ =+ AhR−=− AhR+ =+ AhR−=−

Liver (nmoles/mg) N.D. 0:029± 0:016 0:001± 0:001 0:007± 0:002
Adipose (nmoles/mg) <0:001 0:147± 0:087* <0:001 0:143± 0:060*

Plasma (lM; Hydroxy-PCB-77 metabolites) 5:59± 3:34 7:79± 1:68 2:36± 2:36 3:38± 3:38

Note: AhR whole-body wild type (AhR+ =+ ; n=3 female, n=4 male) and deficient mice (AhR−=− , n=4 female, n=4male). *p<0:05 compared with AhR+ =+ mice. A two-way
analysis of variance (ANOVA) tested sex and AhR deficiency examining either PCB-77 or hydroxy-PCB-77 metabolites in liver, adipose, and plasma, respectively, in male and female
mice. AhR, aryl hydrocarbon receptor; N.D., not detected.
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2017; Prokopec et al. 2015), we focused on the role of AhR as a
mediator of effects of PCB-77 to impair glucose homeostasis in
males and females during the development of obesity and dur-
ing weight loss in obese mice. Results suggest that AhR defi-
ciency abrogated harmful effects of PCB-77 to impair glucose
homeostasis during weight loss of obese male mice but pro-
moted PCB-77-induced impairment of glucose homeostasis as
well as insulin receptor activity in female obese mice experi-
encing weight loss.

We observed sex differences in the ability of PCB-77 to
regulate the development of obesity between male and female
mice, with modestly higher BW gain of PCB-77-treated males,
but lower BW gain of PCB-77 treated HF-fed females. Recent
studies examined effects of 2,3,7,8-tetrachlorodibenzodioxin
(TCDD), an AhR ligand, on the development of obesity in male
vs. female mice (Brulport et al. 2017). In contrast to our findings,
chronic TCDD exposures resulted in modest but significantly
higher BWs of both male and female mice fed a HF diet (with
added cholesterol); however, males and females exhibited differ-
ential sex-dependent regulation of genes involved in adipose tis-
sue lipolysis and insulin resistance. Specifically, male obese
mice exposed to TCDD had higher mRNA abundance of lipoly-
sis and insulin-resistant promoting genes in adipose tissue, with
no effect of TCDD on expression levels of these genes in adipose
tissue of obese females (Brulport et al. 2017). Differences in diet
composition, duration of toxicant and/or diet exposure, and the
toxicant examined may have contributed to diverging results on
BW regulation between these studies. Both studies suggest sex-
dependent responses to AhR ligands during the development of
obesity, but sex differences in BW gain may be influenced by the
ligand under study. Moreover, our results demonstrate that lower

BW gain of HF-fed female mice administered PCB-77 did not
translate into significant improvements of glucose tolerance, sug-
gesting that the BW-reducing effects of PCB-77 in females were
not beneficial for glucose homeostasis.

Previous studies in our laboratory demonstrated that when
obese male mice exposed to PCB-77 during weight gain experi-
enced weight loss, the benefits of weight loss to improve glucose
tolerance were mitigated (Baker et al. 2013, 2015). These effects
were associated with liberation of PCB-77 from adipose stores
upon weight loss of obese male mice. Results from the current
study confirm findings of impaired glucose tolerance in male
PCB-77-treated obese mice upon weight loss. Moreover, results
from this study extend previous findings by demonstrating that
female obese mice losing weight may be resistant to effects of
PCB-77 to impair glucose homeostasis. A limitation of this study
is that because we had previously examined effects of VEH vs.
PCB-77 administration using the same study design in male wild
type mice (Baker et al. 2013), we did not perform a side-by-side
comparison between VEH and PCB-77 administration in both
sexes of AhR+ =+ and −=− mice. An explanation for the
observed sex differences is that female mice may be less sensitive
to the toxic effects of PCB-77 than males (Pohjanvirta et al.
2012). Specifically, evidence suggests sex differences in AhR
responsiveness, depending on species (Lee et al. 2015; Nault et al.
2017; Prokopec et al. 2015). Sex differences may arise from vari-
ability in rates of PCB metabolism, including AhR-mediated
stimulation of CYP1A1 expression, an enzyme responsible for
hydroxylating PCBs and increasing their water solubility and
eventual elimination (Mise et al. 2016). However, in this study,
mRNA abundance of CYP1A1 was similar in adipose and livers
from male compared with female mice administered PCB-77,
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Figure 5. CYP1A1 (cytochrome P450 1A1), PEPCK (phosphoenolpyruvate carboxykinase), and TNFa (tumor necrosis factor-a) mRNA abundance in
(A) liver, and (B) adipose of polychlorinated biphenyl (PCB)-77-treated male and female mice at week 16 (end of weight loss phase). Data are
mean± standard error of themean ðSEMÞ from n=3–5mice=genotype and are normalized to PCB-treated male of aryl hydrocarbon receptor ðAhRÞ+ =+ mice.
*p<0:05 compared with AhR+ =+ within sex; #p<0:05 compared with male within genotype. A two-way analysis of variance (ANOVA) tested sex and AhR
deficiency on gene expression in male and female mice (A,B).
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and there were no significant differences in levels of PCB-77 or
hydroxy-PCB-77 metabolites between males and females. As lev-
els of PCB-77 and its metabolite were quantified at one time
point, which was several weeks after the last dose of PCB-77, it
is difficult to make conclusions regarding the impact of metabolism
of PCB-77 on the observed sex differences within the present
study. As anticipated, AhR-deficient male and female mice had
higher levels of parent compound PCB-77 in all tissues analyzed,
but these effects were not statistically significant. However, in
AhR-deficient mice exhibiting lower CYP1A1-mediated metabo-
lism of PCB-77, there were again no sex differences in levels of
the toxicant that would explain differences in glucose homeostasis
between males and females.

An interesting finding of the present study was sexual dimor-
phism of AhR-mediated regulation of PCB-77-induced impair-
ment of glucose homeostasis during weight loss. In males, AhR
deficiency abrogated effects of PCB-77 to impair glucose toler-
ance during weight loss, while in females, AhR deficiency aug-
mented glucose intolerance, manifested as longer elevations in
blood glucose concentrations over time compared with wild type
females. Since liver and adipose tissue are key insulin-responsive
organs, we quantified measures of insulin receptor activity to
define mechanisms for these differences. Tissues from insulin-
resistant and diabetic individuals exhibit disruption in IRS-
dependent signaling, implicating the dysregulation of IRS1 and
IRS2 in the initiation and progression of metabolic disease
(Copps and White 2012). Although IRS1 predominately regulates
insulin sensitivity in muscle, IRS2 has a more prominent role in

liver and adipose tissues (Previs et al. 2000). Results from this
study suggest that AhR activation is protective in females for reg-
ulation of insulin receptor signaling. Indeed, liver AhR mRNA
abundance in females exhibited similar patterns as IRS2 mRNA
expression, with higher levels of AhR and IRS2 mRNA in livers
from wild type females compared with males, and lower levels in
livers from AhR-deficient females. Similar findings of lower
IRS2 mRNA abundance were observed in adipose tissue of AhR-
deficient females, supporting impaired insulin receptor signaling.
The precise targets of AhR to differentially regulate insulin recep-
tor signaling proteins between male and female mice are unclear.
Moreover, since both testosterone and estrogen interact with AhR
(Bonefeld-Jørgensen et al. 2001; Ohtake et al. 2003; Wu et al.
2013), future studies should address the role of sex hormones as
mediators of sex differences in AhR regulation of insulin sensitiv-
ity. Finally, since AhR deficiency abolished effects of PCB-77 on
glucose homeostasis during weight loss in males but augmented
effects of PCB-77 in females, these results suggest that PCB-77
may exert AhR-independent effects to regulate glucose homeo-
stasis in females.

Conclusion
These results demonstrate that male and female mice responded
differently to PCB-77 and AhR deficiency in the regulation of
BW and glucose homeostasis. Results suggest that PCB-77
impaired glucose homeostasis during weight loss in obese male
mice through an AhR-mediated mechanism, mitigating the
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Figure 6. Liver and adipose tissue of aryl hydrocarbon receptor (AhR) and IRS2 (insulin receptor substrate 2) mRNA abundance in polychlorinated biphenyl
(PCB)-77-treated AhR-proficient and AhR-deficient males and females at week 16 (end of weight loss phase). (A) AhR and IRS2 mRNA abundance in livers
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notype. A two-way analysis of variance (ANOVA) tested sex and AhR deficiency on gene expression in liver and adipose tissue from male and female mice.
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beneficial effects of weight loss on glucose homeostasis. In con-
trast, rather than improved glucose homeostasis, AhR-deficient
females administered PCB-77 had significant impairments of glu-
cose tolerance during weight loss. Moreover, livers from AhR-
deficient females exposed previously to PCB-77 had lower
mRNA expression of IRS2, indicating potential impairment of
insulin receptor signaling. These results suggest sex differences
in the responsiveness of mice to PCB-77 and to mechanisms by
which PCB-77 regulates BW and glucose homeostasis during the
development of obesity and during weight loss.
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Cok I, Donmez MK, Satiroğlu MH, Aydinuraz B, Henkelmann B, Shen H, et al. 2008.
Concentrations of polychlorinated dibenzo-p-dioxins (PCDDs), polychlorinated
dibenzofurans (PCDFs), and dioxin-like PCBs in adipose tissue of infertile men.
Arch Environ Contam Toxicol 55(1):143–152, PMID: 18166985, https://doi.org/10.
1007/s00244-007-9094-1.

Copps KD, White MF. 2012. Regulation of insulin sensitivity by serine/threonine
phosphorylation of insulin receptor substrate proteins IRS1 and IRS2.
Diabetologia 55(10):2565–2582, PMID: 22869320, https://doi.org/10.1007/s00125-
012-2644-8.

Denison MS, Heath-Pagliuso S. 1998. The Ah receptor: a regulator of the biochemical
and toxicological actions of structurally diverse chemicals. Bull Environ Contam
Toxicol 61(5):557–568, PMID: 9841714, https://doi.org/10.1007/PL00002973.

Dirinck E, Jorens PG, Covaci A, Geens T, Roosens L, Neels H, et al. 2011. Obesity
and persistent organic pollutants: possible obesogenic effect of organochlor-
ine pesticides and polychlorinated biphenyls. Obesity (Silver Spring) 19(4):709–
714, PMID: 20559302, https://doi.org/10.1038/oby.2010.133.

Flegal KM, Kruszon-Moran D, Carroll MD, Fryar CD, Ogden CL. 2016. Trends in obe-
sity among adults in the United States, 2005 to 2014. JAMA 315(21):2284–2291,
PMID: 27272580, https://doi.org/10.1001/jama.2016.6458.

Gadupudi GS, Klaren WD, Olivier AK, Klingelhutz AJ, Robertson LW. 2016. PCB126-
induced disruption in gluconeogenesis and fatty acid oxidation precedes fatty
liver in male rats. Toxicol Sci 149(1):98–110, PMID: 26396156, https://doi.org/10.
1093/toxsci/kfv215.

Jackson E, Shoemaker R, Larian N, Cassis L. 2017. Adipose tissue as a site of toxin
accumulation. Compr Physiol 7(4):1085–1135, PMID: 28915320, https://doi.org/
10.1002/cphy.c160038.

Kim MJ, Marchand P, Henegar C, Antignac JP, Alili R, Poitou C, et al. 2011. Fate
and complex pathogenic effects of dioxins and polychlorinated biphenyls in
obese subjects before and after drastic weight loss. Environ Health Perspect
119(3):377–383, PMID: 21156398, https://doi.org/10.1289/ehp.1002848.

Kim MJ, Pelloux V, Guyot E, Tordjman J, Bui LC, Chevallier A, et al. 2012.
Inflammatory pathway genes belong to major targets of persistent organic pol-
lutants in adipose cells. Environ Health Perspect 120(4):508–514, PMID:
22262711, https://doi.org/10.1289/ehp.1104282.

Kodavanti PR, Ward TR, Derr-Yellin EC, Mundy WR, Casey AC, Bush B, et al. 1998.
Congener-specific distribution of polychlorinated biphenyls in brain regions,
blood, liver, and fat of adult rats following repeated exposure to Aroclor 1254.
Toxicol Appl Pharmacol 153(2):199–210, PMID: 9878591, https://doi.org/10.1006/
taap.1998.8534.

Kurita H, Carreira VS, Fan Y, Jiang M, Naticchioni M, Koch S, et al. 2016. Ah recep-
tor expression in cardiomyocytes protects adult female mice from heart dys-
function induced by TCDD exposure. Toxicology 355–356:9–20, PMID: 27163630,
https://doi.org/10.1016/j.tox.2016.05.006.

Lanting CI, Huisman M, Muskiet FA, van der Paauw CG, Essed CE, Boersma ER.
1998. Polychlorinated biphenyls in adipose tissue, liver, and brain from nine
stillborns of varying gestational ages. Pediatr Res 44(2):222–225, PMID:
9702918, https://doi.org/10.1203/00006450-199808000-00014.

Lee DH, Lind PM, Jacobs DR Jr., Salihovic S, van Bavel B, Lind L. 2011.
Polychlorinated biphenyls and organochlorine pesticides in plasma predict de-
velopment of type 2 diabetes in the elderly: the prospective investigation of the
vasculature in Uppsala Seniors (PIVUS) study. Diabetes Care 34(8):1778–1784,
PMID: 21700918, https://doi.org/10.2337/dc10-2116.

Lee J, Prokopec SD, Watson JD, Sun RX, Pohjanvirta R, Boutros PC. 2015. Male
and female mice show significant differences in hepatic transcriptomic
response to 2,3,7,8-tetrachlorodibenzo-p-dioxin. BMC Genomics 16:625, PMID:
26290441, https://doi.org/10.1186/s12864-015-1840-6.

Lee DH, Steffes MW, Sjödin A, Jones RS, Needham LL, Jacobs DR Jr. 2010. Low
dose of some persistent organic pollutants predicts type 2 diabetes: a nested
case-control study. Environ Health Perspect 118(9):1235–1242, PMID: 20444671,
https://doi.org/10.1289/ehp.0901480.

Levitt DG. 2010. Quantitative relationship between the octanol/water partition coef-
ficient and the diffusion limitation of the exchange between adipose and blood.
BMC Clin Pharmacol 10:1, PMID: 20055995, https://doi.org/10.1186/1472-6904-
10-1.

Lim JS, Son HK, Park SK, Jacobs DR Jr, Lee DH. 2011. Inverse associations
between long-term weight change and serum concentrations of persistent or-
ganic pollutants. Int J Obes (Lond) 35(5):744–747, PMID: 20820170, https://doi.org/
10.1038/ijo.2010.188.

Ludwicki JK, Góralczyk K. 1994. Organochlorine pesticides and PCBs in human adi-
pose tissues in Poland. Bull Environ Contam Toxicol 52(3):400–403, PMID:
8142711, https://doi.org/10.1007/BF00197828.

Mise S, Haga Y, Itoh T, Kato A, Fukuda I, Goto E, et al. 2016. From the cover: struc-
tural determinants of the position of 2,3',4,4',5-pentachlorobiphenyl (CB118)
hydroxylation by mammalian cytochrome P450 monooxygenases. Toxicol Sci
152(2):340–348, PMID: 27208082, https://doi.org/10.1093/toxsci/kfw086.

Moyer BJ, Rojas IY, Kerley-Hamilton JS, Nemani KV, Trask HW, Ringelberg CS,
et al. 2017. Obesity and fatty liver are prevented by inhibition of the aryl hydro-
carbon receptor in both female and male mice. Nutr Res 44:38–50, PMID:
28821316, https://doi.org/10.1016/j.nutres.2017.06.002.

Murphy MO, Petriello MC, Han SG, Sunkara M, Morris AJ, Esser K, et al. 2016.
Exercise protects against PCB-induced inflammation and associated cardio-
vascular risk factors. Environ Sci Pollut Res Int 23(3):2201–2211, PMID:
25586614, https://doi.org/10.1007/s11356-014-4062-6.

Myre M, Imbeault P. 2014. Persistent organic pollutants meet adipose tissue hy-
poxia: does cross-talk contribute to inflammation during obesity? Obes Rev
15(1):19–28, PMID: 23998203, https://doi.org/10.1111/obr.12086.

Nault R, Fader KA, Harkema JR, Zacharewski T. 2017. Loss of liver-specific and
sexually dimorphic gene expression by aryl hydrocarbon receptor activation in

Environmental Health Perspectives 077004-10 127(7) July 2019

https://www.ncbi.nlm.nih.gov/pubmed/21816981
https://doi.org/10.2337/dc10-2303
https://doi.org/10.2337/dc10-2303
https://www.ncbi.nlm.nih.gov/pubmed/23290489
https://doi.org/10.1016/j.envres.2012.12.001
https://doi.org/10.1016/j.envres.2012.12.001
https://www.ncbi.nlm.nih.gov/pubmed/18560532
https://doi.org/10.1289/ehp.10554
https://www.ncbi.nlm.nih.gov/pubmed/23099484
https://doi.org/10.1289/ehp.1205421
https://www.ncbi.nlm.nih.gov/pubmed/25734695
https://doi.org/10.1289/ehp.1408594
https://www.ncbi.nlm.nih.gov/pubmed/11275356
https://doi.org/10.1016/S0300-483X(00)00368-1
https://www.ncbi.nlm.nih.gov/pubmed/28774668
https://doi.org/10.1016/j.tox.2017.07.017
https://doi.org/10.1016/j.tox.2017.07.017
https://www.ncbi.nlm.nih.gov/pubmed/11093288
https://doi.org/10.1038/sj.ijo.0801380
https://www.ncbi.nlm.nih.gov/pubmed/18166985
https://doi.org/10.1007/s00244-007-9094-1
https://doi.org/10.1007/s00244-007-9094-1
https://www.ncbi.nlm.nih.gov/pubmed/22869320
https://doi.org/10.1007/s00125-012-2644-8
https://doi.org/10.1007/s00125-012-2644-8
https://www.ncbi.nlm.nih.gov/pubmed/9841714
https://doi.org/10.1007/PL00002973
https://www.ncbi.nlm.nih.gov/pubmed/20559302
https://doi.org/10.1038/oby.2010.133
https://www.ncbi.nlm.nih.gov/pubmed/27272580
https://doi.org/10.1001/jama.2016.6458
https://www.ncbi.nlm.nih.gov/pubmed/26396156
https://doi.org/10.1093/toxsci/kfv215
https://doi.org/10.1093/toxsci/kfv215
https://www.ncbi.nlm.nih.gov/pubmed/28915320
https://doi.org/10.1002/cphy.c160038
https://doi.org/10.1002/cphy.c160038
https://www.ncbi.nlm.nih.gov/pubmed/21156398
https://doi.org/10.1289/ehp.1002848
https://www.ncbi.nlm.nih.gov/pubmed/22262711
https://doi.org/10.1289/ehp.1104282
https://www.ncbi.nlm.nih.gov/pubmed/9878591
https://doi.org/10.1006/taap.1998.8534
https://doi.org/10.1006/taap.1998.8534
https://www.ncbi.nlm.nih.gov/pubmed/27163630
https://doi.org/10.1016/j.tox.2016.05.006
https://www.ncbi.nlm.nih.gov/pubmed/9702918
https://doi.org/10.1203/00006450-199808000-00014
https://www.ncbi.nlm.nih.gov/pubmed/21700918
https://doi.org/10.2337/dc10-2116
https://www.ncbi.nlm.nih.gov/pubmed/26290441
https://doi.org/10.1186/s12864-015-1840-6
https://www.ncbi.nlm.nih.gov/pubmed/20444671
https://doi.org/10.1289/ehp.0901480
https://www.ncbi.nlm.nih.gov/pubmed/20055995
https://doi.org/10.1186/1472-6904-10-1
https://doi.org/10.1186/1472-6904-10-1
https://www.ncbi.nlm.nih.gov/pubmed/20820170
https://doi.org/10.1038/ijo.2010.188
https://doi.org/10.1038/ijo.2010.188
https://www.ncbi.nlm.nih.gov/pubmed/8142711
https://doi.org/10.1007/BF00197828
https://www.ncbi.nlm.nih.gov/pubmed/27208082
https://doi.org/10.1093/toxsci/kfw086
https://www.ncbi.nlm.nih.gov/pubmed/28821316
https://doi.org/10.1016/j.nutres.2017.06.002
https://www.ncbi.nlm.nih.gov/pubmed/25586614
https://doi.org/10.1007/s11356-014-4062-6
https://www.ncbi.nlm.nih.gov/pubmed/23998203
https://doi.org/10.1111/obr.12086


C57bl/6 mice. PLoS One 12(9):e0184842, PMID: 28922406, https://doi.org/10.1371/
journal.pone.0184842.

Obana H, Hori S, Kashimoto T, Kunita N. 1981. Polycyclic aromatic hydrocarbons in
human fat and liver. Bull Environ Contam Toxicol 27(1):23–27, PMID: 7296033,
https://doi.org/10.1007/BF01610981.

Oberg M, Sjödin A, Casabona H, Nordgren I, Klasson-Wehler E, Håkansson H. 2002.
Tissue distribution and half-lives of individual polychlorinated biphenyls and se-
rum levels of 4-hydroxy-2,3,3',4',5-pentachlorobiphenyl in the rat. Toxicol Sci
70(2):171–182, PMID: 12441362, https://doi.org/10.1093/toxsci/70.2.171.

Ohtake F, Takeyama K, Matsumoto T, Kitagawa H, Yamamoto Y, Nohara K, et al.
2003. Modulation of oestrogen receptor signalling by association with the acti-
vated dioxin receptor. Nature 423(6939):545–550, PMID: 12774124, https://doi.org/
10.1038/nature01606.

Pestana D, Faria G, Sá C, Fernandes VC, Teixeira D, Norberto S, et al. 2014. Persistent
organic pollutant levels in human visceral and subcutaneous adipose tissue in
obese individuals–depot differences and dysmetabolism implications. Environ Res
133:170–177, PMID: 24949816, https://doi.org/10.1016/j.envres.2014.05.026.

Peterson SH, Peterson MG, Debier C, Covaci A, Dirtu AC, Malarvannan G, et al.
2015. Deep-ocean foraging northern elephant seals bioaccumulate persistent or-
ganic pollutants. Sci Total Environ 533:144–155, PMID: 26151658, https://doi.org/
10.1016/j.scitotenv.2015.06.097.

Pohjanvirta R, Miettinen H, Sankari S, Hegde N, Lindén J. 2012. Unexpected gender
difference in sensitivity to the acute toxicity of dioxin in mice. Toxicol Appl
Pharmacol 262(2):167–176, PMID: 22564538, https://doi.org/10.1016/j.taap.2012.
04.032.

Pohjanvirta R, Unkila M, Tuomisto J. 1993. Comparative acute lethality of 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD), 1,2,3,7,8-pentachlorodibenzo-p-dioxin and
1,2,3,4,7,8-hexachlorodibenzo-p-dioxin in the most TCDD-susceptible and the
most TCDD-resistant rat strain. Pharmacol Toxicol 73(1):52–56, PMID: 8234194,
https://doi.org/10.1016/j.1600-0773.1993.tb01958.x.

Previs SF, Withers DJ, Ren JM, White MF, Shulman GI. 2000. Contrasting effects of
IRS-1 versus IRS-2 gene disruption on carbohydrate and lipid metabolism
in vivo. J Biol Chem 275(50):38990–38994, PMID: 10995761, https://doi.org/10.
1074/jbc.M006490200.

Prokopec SD, Watson JD, Lee J, Pohjanvirta R, Boutros PC. 2015. Sex-related dif-
ferences in murine hepatic transcriptional and proteomic responses to TCDD.

Toxicol Appl Pharmacol 284(2):188–196, PMID: 25703434, https://doi.org/10.
1016/j.taap.2015.02.012.

Shen H, Han J, Tie X, Xu W, Ren Y, Ye C. 2009. Polychlorinated dibenzo-p-dioxins/
furans and polychlorinated biphenyls in human adipose tissue from Zhejiang
Province, China. Chemosphere 74(3):384–388, PMID: 19004467, https://doi.org/
10.1016/j.chemosphere.2008.09.094.

Silverstone AE, Rosenbaum PF, Weinstock RS, Bartell SM, Foushee HR, Shelton C,
et al. 2012. Polychlorinated biphenyl (PCB) exposure and diabetes: results from
the Anniston Community Health Survey. Environ Health Perspect 120(5):727–
732, PMID: 22334129, https://doi.org/10.1289/ehp.1104247.

Sipka S, Eum SY, Son KW, Xu S, Gavalas VG, Hennig B, et al. 2008. Oral administra-
tion of PCBs induces proinflammatory and prometastatic responses. Environ
Toxicol Pharmacol 25(2):251–259, PMID: 18438459, https://doi.org/10.1016/j.etap.
2007.10.020.

U.S. EPA (U.S. Environmental Protection Agency). 2016. Toxic and priority
pollutants under the clean water act. https://www.epa.gov/eg/toxic-and-
priority-pollutants-under-clean-water-act [accessed 12 July 2016].

Wahlang B, Prough RA, Falkner KC, Hardesty JE, Song M, Clair HB, et al. 2016.
Polychlorinated biphenyl-xenobiotic nuclear receptor interactions regulate
energy metabolism, behavior, and inflammation in non-alcoholic-steatohepati-
tis. Toxicol Sci 149(2):396–410, PMID: 26612838, https://doi.org/10.1093/toxsci/
kfv250.

Weistrand C, Norén K. 1998. Polychlorinated naphthalenes and other organochlor-
ine contaminants in human adipose and liver tissue. J Toxicol Environ Health A
53(4):293–311, PMID: 9490327, https://doi.org/10.1080/009841098159295.

Witt K, Niessen KH. 2000. Toxaphenes and chlorinated naphthalenes in adipose tis-
sue of children. J Pediatr Gastroenterol Nutr 30(2):164–169, PMID: 10697135,
https://doi.org/10.1097/00005176-200002000-00013.

Wu Y, Baumgarten SC, Zhou P, Stocco C. 2013. Testosterone-dependent interac-
tion between androgen receptor and aryl hydrocarbon receptor induces liver
receptor homolog 1 expression in rat granulosa cells. Mol Cell Biol
33(15):2817–2828, PMID: 23689136, https://doi.org/10.1128/MCB.00011-13.

Yang E, Pavuk M, Sjödin A, Lewin M, Jones R, Olson J, et al. 2018. Exposure of
dioxin-like chemicals in participants of the Anniston community health survey
follow-up. Sci Total Environ 637–638:881–891, PMID: 299763869, https://doi.org/
10.1016/j.scitotenv.2018.05.074.

Environmental Health Perspectives 077004-11 127(7) July 2019

https://www.ncbi.nlm.nih.gov/pubmed/28922406
https://doi.org/10.1371/journal.pone.0184842
https://doi.org/10.1371/journal.pone.0184842
https://www.ncbi.nlm.nih.gov/pubmed/7296033
https://doi.org/10.1007/BF01610981
https://www.ncbi.nlm.nih.gov/pubmed/12441362
https://doi.org/10.1093/toxsci/70.2.171
https://www.ncbi.nlm.nih.gov/pubmed/12774124
https://doi.org/10.1038/nature01606
https://doi.org/10.1038/nature01606
https://www.ncbi.nlm.nih.gov/pubmed/24949816
https://doi.org/10.1016/j.envres.2014.05.026
https://www.ncbi.nlm.nih.gov/pubmed/26151658
https://doi.org/10.1016/j.scitotenv.2015.06.097
https://doi.org/10.1016/j.scitotenv.2015.06.097
https://www.ncbi.nlm.nih.gov/pubmed/22564538
https://doi.org/10.1016/j.taap.2012.04.032
https://doi.org/10.1016/j.taap.2012.04.032
https://www.ncbi.nlm.nih.gov/pubmed/8234194
https://doi.org/10.1016/j.1600-0773.1993.tb01958.x
https://www.ncbi.nlm.nih.gov/pubmed/10995761
https://doi.org/10.1074/jbc.M006490200
https://doi.org/10.1074/jbc.M006490200
https://www.ncbi.nlm.nih.gov/pubmed/25703434
https://doi.org/10.1016/j.taap.2015.02.012
https://doi.org/10.1016/j.taap.2015.02.012
https://www.ncbi.nlm.nih.gov/pubmed/19004467
https://doi.org/10.1016/j.chemosphere.2008.09.094
https://doi.org/10.1016/j.chemosphere.2008.09.094
https://www.ncbi.nlm.nih.gov/pubmed/22334129
https://doi.org/10.1289/ehp.1104247
https://www.ncbi.nlm.nih.gov/pubmed/18438459
https://doi.org/10.1016/j.etap.2007.10.020
https://doi.org/10.1016/j.etap.2007.10.020
https://www.epa.gov/eg/toxic-and-priority-pollutants-under-clean-water-act
https://www.epa.gov/eg/toxic-and-priority-pollutants-under-clean-water-act
https://www.ncbi.nlm.nih.gov/pubmed/26612838
https://doi.org/10.1093/toxsci/kfv250
https://doi.org/10.1093/toxsci/kfv250
https://www.ncbi.nlm.nih.gov/pubmed/9490327
https://doi.org/10.1080/009841098159295
https://www.ncbi.nlm.nih.gov/pubmed/10697135
https://doi.org/10.1097/00005176-200002000-00013
https://www.ncbi.nlm.nih.gov/pubmed/23689136
https://doi.org/10.1128/MCB.00011-13
https://www.ncbi.nlm.nih.gov/pubmed/299763869
https://doi.org/10.1016/j.scitotenv.2018.05.074
https://doi.org/10.1016/j.scitotenv.2018.05.074

	Effects of Aryl Hydrocarbon Receptor Deficiency on PCB-77-Induced Impairment of Glucose Homeostasis during Weight Loss in Male and Female Obese Mice
	Introduction
	Materials and Methods
	Chemicals
	Animal Treatments and Sample Collection
	Measurement of Body Composition
	Glucose Tolerance Tests
	Quantification of PCB-77 in Tissues
	Quantification of Mono-Hydroxylated PCB-77 Metabolites in Plasma
	Extraction of RNA and Quantification of mRNA Abundance
	Statistical Analysis

	Results
	PCB-77 Effects on Body Weight, Fat Distribution, and Glucose Homeostasis in Male and Female Mice Fed a High-Fat Diet
	Effects of PCB-77 on Glucose Tolerance during Weight Loss in Male and Female Mice
	Effects of AhR Deficiency on Body Weight and Glucose Homeostasis in Male and Female Mice Fed a High-Fat Diet and Administered PCB-77
	Effects of AhR Deficiency during Weight Loss on PCB-Induced Regulation of Glucose Tolerance in Obese Male and Female Mice
	Measures of Insulin Receptor Activity in Livers and Adipose from PCB-77-Treated AhR-Deficient Female Mice Experiencing Weight Loss

	Discussion
	Conclusion
	Acknowledgments
	References


